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Laser inscription of pseudorandom structures for
microphotonic diﬀuser applications†
Tawﬁq Alqurashi, *a,b Abdulla Alhosani,b,c Mahmoud Dauleh,b Ali K. Yetisen d
and Haider Butt *b
Optical diﬀusers provide a solution for a variety of applications requiring a Gaussian intensity distribution
including imaging systems, biomedical optics, and aerospace. Advances in laser ablation processes have
allowed the rapid production of eﬃcient optical diﬀusers. Here, we demonstrate a novel technique to fab-
ricate high-quality glass optical diﬀusers with cost-eﬃciency using a continuous CO2 laser. Surface relief
pseudorandom microstructures were patterned on both sides of the glass substrates. A numerical simu-
lation of the temperature distribution showed that the CO2 laser drills a 137 µm hole in the glass for every
2 ms of processing time. FFT simulation was utilized to design predictable optical diﬀusers. The pseudor-
andom microstructures were characterized by optical microscopy, Raman spectroscopy, and angle-
resolved spectroscopy to assess their chemical properties, optical scattering, transmittance, and polariz-
ation response. Increasing laser exposure and the number of diﬀusing surfaces enhanced the diﬀusion
and homogenized the incident light. The recorded speckle pattern showed high contrast with sharp
bright spot free diﬀusion in the far ﬁeld view range (250 mm). A model of glass surface peeling was also
developed to prevent its occurrence during the fabrication process. The demonstrated method provides
an economical approach in fabricating optical glass diﬀusers in a controlled and predictable manner. The
produced optical diﬀusers have application in ﬁbre optics, LED systems, and spotlights.
Introduction
Optical diﬀusers are wavefront processors used to alter the
intensity distribution of an incident light beam into a speci-
fied pattern.1,2 They are widely used in imaging systems, LED
displays, and barcode scanners to provide uniform light
exposure and eliminate high-intensity spots.3–7 Depending on
the incorporated light scattering method, optical diﬀusers are
classified as the volumetric or surface relief types.8 Volumetric
diﬀusers scatter the light via transparent microscopic beads
and/or fillers trapped inside the surface that cause the light to
diverge as it is transmitted through the material.9,10 However,
this article focuses on the surface-relief type, which utilizes
unique nano- and microstructures on the diﬀuser surface to
scatter light. The fabrication of these nano- and microscale
surface relief structures (e.g. pyramids, microlens arrays and
textured rough surfaces) is a rapidly growing area of
interest.11–13 Surface relief structures are the most common
diﬀusers due to simplicity and reliable processing time during
fabrication compared to volumetric diﬀusers.
Over the past few decades, various fabrication methods
including holographic recording,14 replica molding,12 ink print-
ing,15 and surface texturing8,16 were utilized to produce micro-
structured diﬀuser surfaces. Advanced continuous wave (CW)
CO2 laser based systems rival the traditional lasers (e.g. Nd:YAG
and femtosecond lasers) in the fabrication of optical diﬀusers.17
Moreover, due to their high eﬃciency, high power,18 and low
capital cost,19 CO2 laser based systems are more economical in
the fabrication of optical diﬀusers via laser inscription pro-
cesses. In particular, CW CO2 lasers are widely used in micro-
machining soda-lime silicate glasses due to the high radiation
absorption of silicate glasses at a wavelength of 10.6 µm.20
Additionally, the low thermal conductivity, heat treatability and
relatively low cost make soda-lime glasses the optimal material
for CO2 laser processing.
21 Machining glass substrates using
laser inscription processes can alter their physical properties,22
which may result in modified surface wettability, conductivity,
and optical properties.23–25
Surface relief diﬀusers diverge the light emulating negative
lens, thus their performance is usually characterized by the
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intensity of the light transmitted and its diﬀusion angle (α).26
The diﬀusion angle (α) is defined as the maximum exit angle
of the light when it is passed through a diﬀusing material, and
it is determined by the Full Width at Half Maximum (FWHM)
of the light intensity diﬀusion profile.8 The optical perform-
ance, light homogenization level and eﬃciency of an engin-
eered optical diﬀuser can vary depending on its diﬀusion
angle.27 Typical diﬀusion angles of glass-based optical
diﬀusers range from 0.2° to 100° depending on the required
application.28 Low diﬀusion angles (5°–25°) are particularly
desirable in filament lamps and fluorescent lamps,22 where
homogenizing the light without excessively diverging the beam
is necessary to remove the hot spots and to provide an even
light distribution. On the other hand, optical diﬀusers with
wider angles are already used to disperse light evenly across
the screens of laptops, smartphones, and instrument
panels.29,30
This research study reports a novel technique for fabricat-
ing surface relief optical glass diﬀusers using a CW CO2 laser.
The fabrication method diﬀers from the established conven-
tional techniques as direct laser inscription of glass substrates
was performed without coating the glass surface in the present
work.15,31,32 Additionally, other polished optical diﬀusers have
shown low FWHM scattering (20°). The presented technique
provides a fast and economically viable approach for fabricat-
ing glass optical diﬀusers compare to femtosecond laser.33,54
A numerical model was developed to simulate the laser abla-
tion process on the soda-lime glass substrates. This study
examines the eﬀect of implementing diﬀerent surface relief
microstructures and increasing the diﬀusing surfaces on the
optical performance. The fabricated surface was characterized
using optical microscopy and Raman spectroscopy to examine
its structural morphology and chemical properties. The optical
scattering and transmission eﬃciency of the produced
diﬀusers were assessed using an angle-resolved intensity
measurement setup and spectroscopic analysis. The glass
surface peeling phenomenon was also examined and a predic-
tion model was constructed.
Results and discussion
FEM simulations of laser ablation on glass substrates
To investigate the surface morphologies produced on the soda-
lime glass substrates due to CO2 laser ablation processing, a
numerical model was developed. Multiple studies have been
conducted to simulate laser ablation processes; however, most
of them focused mainly on simulating pulsed lasers. A 3D
model has been developed to predict the temperature distri-
bution and material removal during nanosecond laser ablation
of various materials.34 Therefore, an analogous approach was
adopted in this study for a continuous CO2 laser. The Finite
Element Analysis (FEA) method was utilized to simulate the
model. This simulation demonstrates the eﬀect of the laser
intensity profile on the temperature distribution and the
shape of the irradiated region. Given the increased complexity
in modelling real life laser ablation problems, few assump-
tions were made to produce a feasible simulation without
aﬀecting the primary outcome of the study. These assumptions
are as follows: (i) the maximum temperature is developed on
the surface of the model and there is no internal heating that
could lead to an internal gas-filled void within the solid
material. This limits the sublimation process to occur on the
exposed layer of the material only. (ii) Once the material tran-
sitions into the gas phase, its thermal significance vanishes.
This excludes the necessity to model the thermal properties of
the vaporized material around the heated surface.
Theoretical model
Modelling the ablation process involved creating a model that
governed temperature variations with time. Therefore, the con-
duction transient energy transport equation was used as the
primary in domain heat transfer mode:
ρCp
@T
@t
þ ∇  ðk∇TÞ ¼ Q ð1Þ
where ρ is the density, Cp is the specific heat capacity, T is the
temperature, t is time, k is the thermal conductivity, and Q is
the heat flux. When an absorbing material is irradiated with a
laser beam, the laser beam intensity begins to attenuate and
its energy is transferred to the colliding surface. However, the
amount of energy transferred to the material depends on the
laser wavelength, laser energy distribution profile, the absorp-
tion coeﬃcient of the material and its reflectivity.35–37 This
was implemented into the model in the form of an inward
heat flux (eqn (2)). Moreover, a Gaussian beam profile was
defined for the CO2 laser intensity distribution and it was
applied to the model heating source using eqn (3).
Q ¼ I  α ð1 RÞ ð2Þ
I ¼ 8 P
π D2  exp 8
r
D
 2
 rm2 t 1
s
   
ð3Þ
where I is a function of the laser beam energy distribution, α is
the absorption coeﬃcient of the material, R is the reflectivity
of the material, P is the laser power, r is the laser spot radius,
D is the laser spot diameter, and rm2(t[1/s]) is a smooth ramp
function to begin with 0 power inlet. As the high intensity
laser beam hits the material surface, its temperature rises and
eventually exceeds the ablation temperature. Once the ablation
temperature is reached, the incident energy on the surface is
no longer used to raise its temperature, instead it forces the
material to undergo a phase change from the solid to gaseous
state.38 This phase transition results in a mass loss from the
surface, which is governed by the material density and the
heat of sublimation.39 To model this element, the ablative heat
flux boundary condition in eqn (4) was used to set the temp-
erature limit, while the deformed geometry feature used eqn
(5) to model the material removal:
qa ¼ ha ðTa  TÞ  1k
  
ð4Þ
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νa ¼ qa
ρ Hs ð5Þ
where qa is the heat flux due to material ablation, Ta is the
ablation temperature, va is the material ablation velocity, Hs is
the heat of sublimation, ha = ha(T ) is a temperature-dependent
heat transfer coeﬃcient that is zero for T < Ta and increases
linearly as T > Ta, and
1
k
is a growing specific heat capacity for
T > Ta, to ensure that the material absorbs more energy at high
temperatures to sublimate.
FEM modelling
To start the simulation process, a geometry with a radius of
3 mm and a height of 4 mm was created to model the glass
substrate in finite element method simulations. Eqn (1)–(5)
were applied to the created geometry in the form of boundary
conditions to model the laser ablation process. The dimen-
sions and boundary conditions are described in Fig. 1a and b.
The inward and ablative heat flux boundary conditions applied
to the top surface represent the heat transfer from the laser
source, while the thermal insulation boundary condition was
employed in the bottom and lateral surfaces to limit the heat
loss from the material body.
The laser properties, material properties and ambient con-
ditions were defined, as shown in ESI Table 1.† A uniform tri-
angular mesh with a minimum element size of 1.2 µm was
generated for the domain. To increase the accuracy of the
model, an additional 0.3 µm mesh was created using the
sizing function and applied to the top surface and along the
geometry center line to capture the deformation due to
material removal eﬃciently. The meshed geometry is shown in
Fig. 1b. The laser processing time was set to 2 ms and the
model was solved.
At the initial stage of the laser ablation process, micro-
scopic particles begin to fracture from the glass surface allow-
ing the post ablation eﬀects to take place on the surface.
During the ablation process of glass, a roll of solidified melt
called recast forms at the edges of the ablated structure due to
the material being melted and ejected out of the surface.38
Additionally, a debris layer is deposited around the structure
due to the precipitation of the vaporized material. However,
the simulation assumes the direct sublimation process of the
material. Therefore, the melting and precipitation eﬀects are
not accounted for in the simulation.
Fig. 1c shows the temperature distribution and the profile
of the propagating concavity in the ablated region with time.
The exposed glass layer experiences almost a constant temp-
erature (500 °C) at the point of the laser beam focus, while the
surface temperature cools down as the depth of the concavity
increases. Fig. 1(civ) shows the formed concavity profile when
the material was ablated for 2 ms using a laser with a
Gaussian intensity distribution. The Gaussian distribution
intensity is concentrated at the center of the beam, thus result-
ing in a non-uniform hole shape with the maximum depth at
the center. Hence, CO2 lasers are less eﬃcient in drilling holes
of uniform sizes. Fig. 1d shows the ablation depth against the
laser exposure time. Increasing the laser processing time
increased the material removal with a linear correlation. A con-
cavity with a 137 µm depth formed on the glass surface after
0.2 ms processing time. Hence, laser ablation was a time
dependent process; thus, by controlling the laser machining
time, the depth and shape of the hole could be controlled.
Optical diﬀuser fabrication and surface characterization
Surface relief diﬀusers utilize a complex microstructure to
perform their optical function. According to Huygens’ prin-
ciple,40 optical diﬀusers modify wavefronts by segmenting and
redirecting the segments through the use of interference and
phase control, which is mainly controlled by the microstruc-
ture on the surface. Hence, by controlling the microstructure,
the angular distribution of the incident light in the far field
Fig. 1 The simulated CO2 laser ablation process of the soda lime glass.
(a) The geometry created to simulate the glass substrate with the
applied boundary conditions. (b) The meshed geometry. (c) Temperature
and 3D cavity proﬁle variations with time; (i) 0.52 ms, (ii) 1.0 ms, (iii)
1.52 ms, and (iv) 2.0 ms. (d) The ablation depth of the concavity as a
function of the laser processing time.
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can be controlled. Common surface relief diﬀusers have pro-
files with two or more surface levels. This can be achieved by
overlapping laser exposure on the surface of the diﬀuser.
Fig. 2a shows a schematic of the CO2 laser setup. In this
experiment, three diﬀerent surface patterns were employed
during the fabrication stage to determine the eﬀect of varying
the microstructure on the optical characteristics. The linear,
gird and prismatic patterns are shown in Fig. 2b. The grid
structure incorporates overlapping laser exposure, where the
surface was initially machined in the vertical direction and
then left to cool down before machining it in the horizontal
direction. The parallelogram pattern is similar to the grid
pattern; however, the angle between the machining lines was
reduced from 90° to 45°. Overlapping the laser inscription pro-
duces small pseudorandom, non-periodic microstructures
superimposed on a large pseudorandom microstructure
(Fig. 2c). Fig. 2d shows the profile of large microstructures
having a microstructure with a width of 35 µm and a depth of
Fig. 2 The CO2 laser inscription of optical diﬀusers. (a) A schematic of the CO2 laser setup utilized to fabricate the glass diﬀusers. (b) A schematic
of the diﬀerent surface designs fabricated as linear, grid and parallelogram patterns. (c) The 3D optical microscopy images of large pseudorandom
microstructures on a ﬂoat glass substrate and (d) their proﬁle (scale bar 100 µm). (e) Magniﬁed image of the red square shown in (c). (f ) A 3D optical
microscopy image of a small microstructure superimposed on a large microstructure. (g) The proﬁle of a small microstructure from three diﬀerent
parallel linear positions. (h) The depth distribution of small microstructures. (i) Photograph of the optical diﬀuser based on pseudorandom micro-
structures in a large area (scale bar 2.5 mm). ( j–l) The Raman spectra of soda lime glass; unmodiﬁed and CW CO2 laser patterned glass. (l) The nor-
malized Raman intensity diﬀerences between unmodiﬁed and patterned glass.
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20 µm. The large microstructure was superimposed with a
small microstructure (Fig. 2f) within the range of 1.5 to 2.5 µm
in width and 50 to 200 nm in height (Fig. 2g and h). These
large area (5 × 5 mm) non-periodic microstructures (Fig. 2i)
cause the diﬀusion of light by randomizing the reflection of
collimated incident laser beams.30
Prior to implementing the surface micropatterns onto the
float glass substrates, optimal laser operating parameters were
specified. The specification of the laser parameters was deter-
mined for achieving the optimum optical performance: a
beam power of 24 W, a scanning speed of 300 mm s−1 and a
hatch distance of 10 µm (ESI, Fig. S1†). However, in the case of
the surface relief profiles that require overlapping laser inscrip-
tions, the hatch distance was doubled to prevent surface
peeling of glass and heterogeneous surface morphology.
Throughout the fabrication stage, the peeling of the glass
surface was a limiting factor in employing the desired laser
parameters and it was eliminated by using an experimental
prediction model (ESI, Fig. S2†).
Initially, the optical diﬀusers were fabricated by machining
the linear, grid and parallelogram microstructures on one side
of the float glass substrate. Surface relief profiles were also pro-
duced on both sides of the diﬀuser slide samples.
Incorporating two or more diﬀusing surfaces can alter the
diﬀusion characteristics of the microphotonic devices. As the
incident light hits the first diﬀuse surface, the collimated light
beams are scattered oﬀ the surface at diﬀerent angles. This
leads to beam scattering with small angles to force and propa-
gate light through the material. Thus, employing a second
diﬀuser surface on the other side of the substrate can further
spread out the light beam propagating through the material,
hence altering the homogeneity and the diﬀusion eﬃciency of
the glass substrates.
Here, CW CO2 laser inscription was utilized to produce a
variety of optical diﬀusers by using diﬀerent laser parameters
(Table 1). After each process, the reflecting mirrors of the laser
system were cleaned to maintain a high accuracy of the laser
inscription. The microstructures of the produced samples were
imaged using optical microscopy (ESI, Fig. S3†). A maximum
of 2 and 4 min processing time was needed to produce the
one-sided and double diﬀusers, respectively. Alternative fabri-
cation methods (e.g. rolling) have higher production rates for
fabricating polyester and polycarbonate diﬀuser sheets;
however, they cannot be used to fabricate glass diﬀusers.
Furthermore, Raman spectra of a laser modified soda lime
glass slide (optical diﬀuser) with an unmodified soda lime
glass slide were recorded at a 50× objective with a 532 nm
laser. Soda lime glass is a non-crystalline form of sodium
oxide (soda) and calcium oxide (lime). The intense bands
observed for modified and nonmodified soda lime glass can
be assigned to the bending of silicone bridging oxygen at
480 cm, the symmetric stretching of bridging oxygen at
630–740 cm, the symmetric stretching with diﬀerent numbers
of non-bridging oxygen at 850–1050 cm, and the symmetric
stretching of bridging oxygen at 1100 cm. The weak band at
2350 cm has been assigned to the Si–OH groups involved in
intratetrahedral hydrogen bonding across an edge of the SiO4
tetrahedron.41–43
The Raman spectra obtained for soda lime glass (the unmo-
dified surface), grid 30 µm and a parallelogram optical
diﬀuser (the modified surface) have six bands at 120, 512, 560,
800, 1090 and 2430 cm−1 except that the unmodified glass
shows one more band at 2922 cm−1 (Fig. 2j and k). The Raman
spectra of the modified and unmodified glass slides recorded
have prominent and intense bands around 120, 560, 1090 and
2430 cm−1 with weak shoulder bands at 512 cm−1.
Additionally, two weak intense bands appear at 512 and
800 cm−1 and a weak hump around 2922 cm−1. The peak at
2922 cm−1 disappears on modified glasses. However, the
intensity of bands at 512 and 800 cm−1 is higher compared
with the Raman spectrum of unmodified soda lime glass and
increased with the repeating number of glass machining. This
is due to the fundamental vibration of soda lime glass after
laser processing. It has been reported that the Raman intensity
increased with either increasing the heat treatment tempera-
ture or increasing the compression pressure in glass.44,45
Optical characterization of microphotonic diﬀusers
The optical performance of the glass-based optical diﬀusers
was determined using an angular light distribution measure-
ment setup including a digital camera and a spectrophoto-
meter. The angle-resolved measurement setup was used to
determine the light diﬀusion intensity profiles of the glass
diﬀusers. Fig. 3a and b show the setup consisting of a laser
pointer, a microphotonic diﬀuser and an optical detector to
measure the scattered light intensity at various angles. The
laser pointer and the diﬀuser were mounted on a 360° con-
tinuous rotation stage with a stepper motor actuator controlled
by a computer. This setup allows setting operating parameters.
The confined rotation of the light source and the sample
ensures that the incident light remains normal to the diﬀuser
surface. The stage was rotated from +90° to the incident
normal (0°), and the photometer recorded the intensity of the
diﬀused light at 2° rotation increments to characterize the
diﬀuser beam shape including its diﬀusion angle, the FWHM
of the diﬀusion angle, and the intensity profile. This setup was
calibrated after every rotation to ensure the high reliability of
the measurements.
Table 1 List of the fabricated samples including the structure
implemented on the surface of diﬀusers and the laser parameters in fab-
rication. The power was 24 W and the beam speed was 300 mm s−1
Sample Pattern Diﬀuser surface side HD (µm)
S1 Linear Single 10
S2 Grid Single 20
S3 Grid Single 30
S4 Parallelogram Single 20
S5 Linear Double 10
S6 Grid Double 20
S7 Grid Double 30
S8 Parallelogram Double 20
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Fig. 3c–f show the light intensity profiles and the scattering
patterns of the fabricated diﬀusers when illuminated with a
green laser pointer (λ = 532 nm). The diﬀused light profiles
exhibited a Gaussian illumination distribution, which indi-
cated that the light diﬀusion was caused by the variations in
surface topography features.31 The diﬀusion characteristics
were compared between one-sided and double-sided diﬀusers
with the same patterns. As expected, two-sided diﬀusers dis-
Fig. 3 Optical characterization of the diﬀusers. (a) A schematic of the angle-resolved measurement setup utilized to measure the diﬀusion angle of
the fabricated device, (laser-to-diﬀuser = 2 cm) and (laser-to-detector = 19 cm). (b) A diagram showing the top view of the angle-resolved measure-
ment setup, indicating the start and end points of the measurement cycle. (c–i) The angular diﬀusion measurements of the fabricated samples with
their diﬀusion patterns when illuminated with a green laser pointer (λ = 532 nm). The comparison of the one sided and the double-sided diﬀusers
for each pattern is shown for (c) linear patterns, (d) grid patterns (HD = 20 µm), (e) grid patterns (HD = 30 µm), and (f ) parallelogram patterns. Scale
bar = 3 cm. The distance from the digital camera to the projection screen was 16 cm. (g–i) The eﬀect of changing the laser processing parameter on
its FWHM of diﬀusion angles and transmission at normal incidence (g) hatch distance, (h) laser speed and (i) power.
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played greater diﬀusion angles, and their capabilities to
diﬀuse light were almost twice those of the one-sided
diﬀusers. The FWHM of diﬀusion angles ranged from 8° to
41°, where the smallest angles were recorded for the linear
surface pattern while the grid and parallelogram patterns dis-
played higher diﬀusion angles. The highest diﬀusion angles
were obtained to be 41°, 30° and 24° with peak transmission
intensities of ∼29%, ∼39% and ∼42% for samples S6, S8 and
S7, respectively. The variation in the thickness of the glass
layers causes the energy of the particles to be dependent on
their in-plane location in the layer, thus resulting in a rough-
ness-dependent light scattering profile which shows the
importance of the design of the structure embedded on the
surface.46
A collimated green laser beam was used to illuminate the
diﬀuser surfaces, and their scattering patterns in the far field
were captured oﬀ a projection screen using a digital camera.
Fig. 3c shows that the linear one-sided diﬀuser (S1) displayed a
higher intensity density at the 0th order compared to the
double-sided diﬀuser (S5), which showed slightly wider
diﬀusion at the center. However, the intensity at the 0th order
for the linear surface relief diﬀuser was high. On the other
hand, the one-sided diﬀusers S2, S3 and S4 fabricated using
the overlapping grid and parallelogram micropatterns dis-
played relatively high diﬀusion angles but with non-hom-
ogenous illumination, resulting in diﬀerent areas receiving
more/less light intensity. Furthermore, the double-sided grid
and parallelogram microstructures (S6, S7 and S8) showed the
most eﬃcient diﬀraction patterns with an even intensity distri-
bution and high diﬀusion homogeneity across the illuminated
surface. Light homogenization and high diﬀusion angles are
critical factors in determining the eﬃciency of optical
diﬀusers. Therefore, the proposed method of producing over-
lapping grid and parallelogram patterns on two sides of the
glass substrates has the potential in fabricating high-quality
optical diﬀusers.
To visualize the eﬀect of varying the wavelength on the dis-
tribution of the diﬀused light, a setup (Fig. 4a) was used to
capture oﬀ the scattering image projected on the screen. The
diﬀusion profile depends strongly on the wavelength or fre-
quency of the transmitted light. Therefore, samples S6, S7 and
S8 that displayed the highest diﬀusion angles were analysed
against varying laser sources (λ1 = 450 nm, λ2 = 533 nm, λ3 =
633 nm). The diﬀusion plots of the samples with their respect-
ive diﬀusion patterns are shown in Fig. 4b–d. The highest
FWHM of the diﬀusion angle was 46° in response to the blue
laser for the grid micropattern S6, where the diﬀuser displayed
a lower intensity (∼16%) at the 0th order (Fig. 4b).
Furthermore, the correlation between the diﬀusion angle and
the transmitted light wavelengths was ambiguous as the
optical diﬀusers showed higher diﬀusion angles at the shortest
and longest wavelengths (λ1 = 450 nm & λ3 = 633 nm), while
the moderate light wavelength (λ2 = 532 nm) displayed the
lowest diﬀusion angles.
The double sided grid and parallelogram micropatterns (S6,
S7 and S8) were illuminated with three diﬀerent collimated
laser sources and the observed light scattering patterns were
captured using a white globe. A semi-transparent spherical
globe was utilized due to its capability to provide the visual
representation of wide scattering patterns. Fig. 4b–d show the
diﬀerent diﬀusion patterns produced. Almost all the diﬀusers
reacted to varying wavelengths in a similar manner; thus,
further comparisons were conducted on the patterns produced
by the blue, green, and red laser beams. The optical diﬀusion
field of view increased from ∼172° for the green laser to ∼177°
for the blue and red lasers.
A Fast Fourier Transform (FFT) simulation47,48 and a 2D/
2.5D speckle imaging experiment were performed to assess the
relationship between the pseudorandom microstructures and
light scattering from optical diﬀusers. The diﬀerence between
the simulation and the experimental results determines the
homogeneity of light diﬀusion. The FFT simulation was
employed to predict the optical characteristics of the diﬀusers
(Fig. 5b and c). These simulations were analyzed based on the
optical images obtained from normal incidence in trans-
mission mode (Fig. 5a). The simulated image produced speck-
les with a wide range of bright region in the centre of the
image and the bright region reduced with the increase of the
dark region towards the edge. At the zero order, the light scat-
tering area increased from the grid to parallelogram pattern
diﬀuser. The intensity profile revealed that the intensity profile
Fig. 4 Light scattering from optical diﬀusers. (a) Schematic setup for
recording a 3D diﬀusion pattern. (b–d) Diﬀusion plots of the double-
sided surface relief devices analyzed using diﬀerent wavelengths (λ1 =
450 nm, λ2 = 533 nm, and λ3 = 633 nm), with their respective diﬀraction
patterns captured using a circular semi-transparent white globe. (a) Grid
(HD = 20 µm), (b) grid (HD = 30 µm), and (c) parallelogram patterns.
Scale bar = 6 cm.
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of the parallelogram pattern diﬀuser was smooth compared to
the grid patterned diﬀuser.
2D/2.5D speckle imaging was conducted experimentally to
analyze the speckle/diﬀusion pattern. In a polarization experi-
ment, the sample was mounted on a holder, and the diﬀuser
was placed between the linear polarizer and analyzer to make
the laser linearly polarized and to adjust the analyzer at 5°, 45°
and 90° from the normal. Collimated laser sources (450, 533
and 633 nm) were located on one side and a high-resolution
imaging camera with a complementary metal–oxide–semi-
conductor (CMOS) sensor was placed on the opposite side of
the optical diﬀuser. This allowed photons to propagate
through the diﬀuser and capture a 2D high-resolution image
via the CMOS sensor. The 2D recorded image was used to
Fig. 5 The FFT simulations and the recorded images of speckle patterns. (a) Optical microscopy image of the 2D structure of a diﬀuser. Scale bar =
20 µm. (b) The predicted FFT simulation image of diﬀusion or speckle pattern, and (c) their proﬁle intensity for diﬀerent optical diﬀusers; (i) grid
pattern (HD = 20 µm), (ii) grid pattern (HD = 30 µm), and (iii) parallelogram pattern. (d–f ) The laser illumination of the diﬀuser and speckle pattern of
formation recorded with a digital camera integrated with a CMOS sensor. (d) The speckle patterns recorded at varying analyzer rotations (90°, 45°
and 5°) for the grid pattern (HD = 30 µm) diﬀuser at diﬀerent spectrum ranges (450, 532 and 633 nm). Scale bar = 2 mm. (e) The speckle pattern
imaged for the grid pattern (HD = 20 µm), grid pattern (HD = 30 µm), and (3) parallelogram pattern diﬀusers. Scale bar = 2 mm. (f ) The projected
pattern of the grid pattern (HD = 30 µm) diﬀuser recorded at varying lengths (15, 20 and 25 cm). Scale bar = 2 mm.
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reconstruct a 2.5D image (intensity profile) using optical
image processing.
The diﬀuser (HD = 30 µm) generated speckle patterns pre-
served the linear polarization of the laser beam incident nor-
mally to the plane at the horizontal polarizer (0°), but the
image was recorded at an angle of 5° with respect to the
surface plane due to low light intensity (Fig. 5d). Thus, the
diﬀusion pattern can be controlled by modifying the polariz-
ation orientation. Three optical diﬀusers with diﬀerent fabrica-
tion patterns produced a speckle intensity distribution in the
far field upon illumination with monochromatic light
(Fig. 5e). The speckled patterns consisted of highly intense
spots and bright and dark regions over an area with 5 mm dia-
meter. In general, the sharp bright spots increased slightly
from the parallelogram diﬀuser to the grid (HD = 30 µm)
diﬀuser. Additionally, the speckle pattern was studied at
diﬀerent projection lengths. Over 90% of highly intense spots
were reduced with increasing projection length from 15 to
25 cm. This provides suﬃciently high contrast with the sharp
bright spot free condition in the long far field view range. ESI,
Fig. S4† provides additional speckle pattern images of other
diﬀusers. This optical diﬀuser can be utilized as part of an
imaging device, in which scattered light can be used for image
reconstruction.49,50
Broadband light transmittance was utilized to assess the
performance of the fabricated optical diﬀusers. A typical soda
lime glass substrate having a thickness of 2 mm has a trans-
mittance of ∼90% across the visible spectrum. The spectral
transmittance measurement setup consisted of a broadband
light source and a spectrometer (2 nm resolution) connected
to an optical microscope via an optic fiber. For transmitted
light polarization measurement, the experimental setup had a
linear polarizer and analyser, which were underneath and
above the optical diﬀuser, respectively. This allowed to have
linearly polarized light before it passed through the diﬀuser
and to control and modify the polarization direction, and to
measure its eﬀect on transmittance measurement. Fig. 6a
shows a schematic of the spectral transmittance measurement
setup integrated with two polarizers.
Fig. 6b–i show the transmittance of the fabricated diﬀusers
as a function of the incident wavelength (450–700 nm). The
results indicated that one-sided diﬀusers were more eﬃcient
in transmitting visible light than double sided diﬀusers. The
parallelogram diﬀuser (S4) showed the highest transmission
(∼50%), thus the parallelogram structure was considered to be
the most eﬃcient one-sided structure as it also revealed the
highest diﬀusion angle (18°) for one-sided diﬀusers (Fig. 3d).
The spectral transmittance of diﬀusers S6, S7 and S8 that
showed the highest diﬀusion angles was ∼25%, ∼35% and
∼28%, respectively. Hence, it is observed from the grid
samples S6 (HD = 20 µm) and S7 (HD = 30 µm) that increasing
the hatch distance increases the transmittance of the diﬀuser,
but results in a lower diﬀusion angle. It can be deduced that
the double-sided diﬀuser fabrication technique negatively
influenced the transmittance of the optical diﬀuser. This is
attributed to the increase in the number of diﬀusing surfaces,
thus having additional microsurface features that can further
scatter the incident light. However, the use of an additional
anti-reflective coating on the surface of the diﬀusers can
improve the transmittance of the diﬀusers by reducing the
reflection from the diﬀusion surfaces.
Glass surface peeling
Surface peeling is defined as the continuous removal of a
thin layer from the surface of an ablated material.51,52 The
removed layer is usually of a constant thickness. Applications
of glass surface peeling include improving the surface finish
of laser cutting glass products and forming microchannels
on glass substrates for optofluidic devices.53 Laser cutting of
glass substrates induces the formation of defects on the
cutting edges which acts as starting point for cracks to propa-
gate through the material.52 Thus, peeling oﬀ the cutting-
edge layer that contains these defects can strengthen the
material and create a defect free surface.36 Glass surface
peeling is a function of the energy deposition rate on the
surface, which in turn depends on the input laser power and
scanning speed.51 When the ratio of the two parameters
results in an energy deposition rate in the range of 3.0–6.0
J (cm2 s)−1, the temperature inside the material exceeds the
strain point and reaches the softening point of the glass,
where a thin layer starts to separate from the surface. Fig. 7a
shows a glass substrate experiencing surface peeling. The
formed microstructure on the surface of the glass due to
surface peeling indicates that multiple microchannels with
varying lengths are engraved on the substrate (Fig. 7b). In
Fig. 7c, a strip was peeled oﬀ the diﬀuser surface, showing
the material removal from the surface of the diﬀuser in the
peeled region.
Throughout the experiments, glass surface peeling was a
key factor in determining the optimum laser operating para-
meters. During the fabrication stage, the samples that experi-
enced surface peeling were discarded from the experiment and
considered to be in-viable optical diﬀusers. Therefore, it was
essential to develop a glass surface peeling prediction model
based on experimental data. Fig. 7a shows a schematic of the
surface peeling process with the adopted texturing pattern (a
linear pattern). A hatching distance of 10 µm was
implemented within the texturing pattern to authenticate the
prediction model with the parameters employed in the fabrica-
tion stage.
Fig. 7d shows the experimental prediction model of glass
surface peeling for a CW CO2 laser. The graph indicates that
the ratio of the laser power and speed must fall outside the
shaded region to avoid glass surface peeling. At low laser
powers (12–30 W), it is necessary to maintain a linear relation-
ship between the two parameters to prevent the induction of
glass layer peeling, while at higher laser powers (+30 W) the
speed must be doubled. This is due to the high material
removal rate from the surface at high laser powers. Fig. 7g
shows the diﬀusion plots of two glass slides that exhibited
surface peeling with their respective scattering patterns. The
high-depth peeling sample (P = 42 W, V = 100 mm s−1, and
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HD = 10 µm) experienced material removal, which resulted in
a thicker layer being peeled from the surface. The peeled layer
was detached from the glass surface and its optical diﬀusion
properties were measured. A diﬀusion angle of 22° was
obtained for the high-depth peeling sample. The sample pro-
duced a heterogeneous diﬀusion pattern with reduced inten-
sity at the 0th order when the surface was illuminated with a
green laser beam. On the other hand, the medium-depth
peeling sample (P = 12 W, V = 50 mm s−1, HD = 10 µm) that
exhibited thin layer removal from the surface showed a lower
diﬀusion angle (17°) with a defined transmission peak inten-
sity of ∼1.4%. The sample also displayed a random cross-
shaped diﬀusion pattern. The obtained diﬀusion character-
istics of the peeled samples indicate that they are inviable to
be used as eﬃcient optical diﬀusers. Moreover, the most
popular method is the use of a holographic diﬀuser, which
relies on the surface structure of various shapes to spread out
light. However, this method falls short due to the finer struc-
tures, which are easier to get damaged chemically or
mechanically.
Fig. 6 Broadband light and polarization characterization of the optical diﬀusers. (a) A schematic of the spectroscopy setup. Measurements of the
optical diﬀusers using broadband light illumination at normal incidence with transmission mode for (b) linear patterns, (c) grid patterns (HD =
20 µm), (d) grid patterns (HD = 30 µm), (e) parallelogram patterns, and diﬀerent laser parameters with varying (g) hatch distance (h) laser speed, and
(i) laser power.
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Conclusion
The work demonstrated the viability of producing glass based
optical diﬀusers using direct CO2 laser writing. The proposed
approach of fabricating overlapping surface relief structures on
both sides of the glass substrates was successful and its direct
influence on enhancing the optical performance of glass
diﬀusers was measured. The characteristics of diﬀusers fabri-
cated using this method can be altered by changing the micro-
structures including linear, grid and parallelogram patterns.
This novel technique provides a fast and economically viable
approach in the massive fabrication of optical diﬀusers. The
diﬀusion measurements showed that structures with overlap-
ping laser exposure were eﬃcient diﬀusers. Increasing the
number of diﬀuser surfaces resulted in wider scattering pat-
terns and increased homogeneity. The highest diﬀusion
angles were recorded for the two-sided grid diﬀuser with HD =
20 µm, which are 46°, 42° and 41° in response to wavelengths
of 450, 633 and 532 nm, respectively. The broadband light
transmission of the fabricated samples decreased when the
structures were patterned on both sides. The parallelogram
structure displayed the highest (∼50%) broadband light trans-
mission across the visible range. A prediction model of glass
surface peeling induced by the CW CO2 laser was constructed
to avoid the formation of thin rolled glass layers on the surface
of the produced diﬀusers. The diﬀusion characteristics of the
peeled samples were determined and their negative impact on
the diﬀuser performance was determined. The laser ablation
process on the glass substrates was simulated to create a
model, which displayed the temperature variations on the
ablated region together with the material removal rate. The
Gaussian profile of the laser intensity distribution resulted in
non-uniform concavity formation on the surface of the
material with a maximum depth of 0.5 mm in the center, after
2 ms ablation time. The conducted experiments demonstrated
a rapid and accurate fabrication method for high-quality glass
diﬀusers that can serve multiple optical functions. Future
studies on enhancing the optical performance of the fabri-
cated diﬀusers can involve additive surface coatings or
implementation of this approach in materials with higher
light transmittance capabilities.
Experimental section
A CW CO2 laser
The diﬀusers were fabricated by machining a surface relief
pseudorandom microstructure on float glass slides (thickness
∼1.1 mm). The patterns were implemented using a desktop
laser setup (LS3040, HPC Laser Ltd, UK). The desktop setup
utilizes a CW CO2 laser as the heating source with a maximum
power of 60 W and a wavelength (λ) of 10.6 μm. The laser fea-
tures an adjustable optic head and platform configuration,
where the substrates are mounted on a z-axial translation stage
and the laser head moves in the x–y horizontal axes. The laser
operates at a maximum engraving speed of 1500 mm s−1
within a 420 × 300 mm work area. The laser beam focus on the
glass surface is provided by a ZnSe lens (focal length
∼28.1 mm and the minimum spot diameter ∼180 μm). Finally,
the desired machining patterns can be imported from compu-
ter-aided modelling software.
A high-resolution imaging camera
The speckle pattern was recorded using an AXIOCAM 105
color with a basic resolution of 5 megapixels and integrated
with a complementary metal–oxide–semiconductor (CMOS)
Fig. 7 Glass surface peeling. (a) A schematic of the surface peeling process. (b) Image of a peeled glass surface layer produced at P = 30 W, V =
200 mm s−1, and HD = 10 µm. Scale bar = 100 µm (c) Microscopic image (5×) of the microstructure of the sample shown in (b). Scale bar = 200 µm.
(d) A prediction model of CO2 laser induced glass surface peeling. (e) FFT simulation of the peeled glass structure to reconstruct the intensity proﬁle
(f ) and the diﬀusion pattern. (g) The diﬀusion properties of two surface peeled samples, a high-depth peeling sample processed at (P = 42 W, V =
100 mm s−1, and HD = 10 µm) and a medium-depth peeling sample processed at (P = 12 W, V = 50 mm s−1, and HD = 10 µm). Scale bar = 3 cm.
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sensor from Carl ZEISS company. This camera was placed on a
holder and connected to an optical microscope and the micro-
scope was connected to a computer to provide the speckled
pattern image on the screen.
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